The multiterminal slow and fast neuromuscular
The multiterminal slow and fast neuromuscular junctions of the moth Manduca sexta were compared using scanning, thin-section, and freeze-fracture techniques to see what structural features might underlie their functional differences. Slow neuromuscular junctions, here formed on tonic muscle fibers, produce a facilitating e.j.p. the amplitude of which is % to l/3 the size of a fast excitatory junction potential (EJP) and the duration of which is nearly four times longer.
A slow junction consists of a single terminal branch that is shorter in length than either of the pair of branches that a fast junction forms close together on the muscle fiber. Within the junction, slow nerve terminals exhibit longer, more frequent constrictions and are very varicose compared with fast. Since fast larval junctions on tonic muscle fibers are also varicose (Schaner and Rheuben, 1985) , this is unlikely to represent an intrinsic property of the nerve. However, calculations of the length constants of the varicose versus nonvaricose shapes indicate that the effect of passive cable properties on normal functioning may act to limit the length of the slow terminals more than that of fast. Even though the varicose shape can be predicted to prolong the time course of the EJP, calculations show that, at the measured length, this would not explain the very long EJP that is observed.
Within the neuromuscular junctions, the synapses are characterized on the muscle membrane by a patch of densely packed particles on the external leaflet and on the nerve membrane by a single linear active zone. The total number of synapses per slow junction is about l/3 that of fast junctions. There is a weak correlation between average area of the individual postsynaptic particle patches and cross-sectional area of the muscle fibers that transcends nerve and muscle fiber types. The average lengths of active zones from the two types do not differ significantly.
However, the number of particles per active zone in slow junctions is about 55% of the number in fast active zones. Chemically fixed slow nerve terminals have a greater density of synaptic vesicles remaining than do fast. If a proportion of the active zone particles represent structures directly involved in the probability of transmitter release, such as Ca++ channels, then the latter two characteristics may jointly reflect differences in capability to release and mobilize transmitter that would partly explain the different EJP amplitude and facilitation properties.
Several examples of quantitative structural differences have been described for neuromuscular junctions exhibiting different physiological properties. In arthropods, excitatory and inhibitory neuromuscular junctions can be distinguished in thin sections by the differences in size and shape of their synaptic vesicles (Uchizono, 1967; Atwood et al., 1972; Nakajima and Reese, 1983) , with inhibitory vesicles tending to respond to chemical fixation by flattening. In addition, the diameter of the region of close apposition between nerve terminal and muscle membranes around each active zone, usually termed the synaptic contact or plaque, is about four times longer in inhibitory terminals in the cockroach (Aizu, 1982 ), 1.6 to 2.3 times longer in locust (Titmus, 1981) , or from 1 .18 to 1.95 times greater in area in crayfish (Jahromi and Atwood, 1974; Franzini-Armstrong, 1976 ). Fast and slow excitatory terminals, so named because of the duration of the excitatory junction potentials that they produce, also have been observed to differ (but not consistently) in the length of the synaptic contact, fast being about three times longer than slow (lobster: Hill and Govind, 1981) or fast being slightly shorter than slow (locust: Titmus, 1981) . The size of synaptic vesicles of fast terminals is 50% larger in diameter in locust (Titmus, 1981) , and the overall shape of the slow terminal is larger and more variable in diameter (lobster: Hill and Govind, 1981; locust: Titmus, 1981) .
Individual motor axons may form terminals with diverse properties on different muscle fibers or in different regions of the same muscle fiber. In the distal accessory flexor muscle of the lobster, different terminals of the same axon release relatively high or low amounts of transmitter. The terminals generating the larger synaptic potentials have greater numbers of presynaptic dense bodies (lobster: Govind and Chiang, 1979; Meiss and Govind, 1980; crab: Atwood and Marin, 1983) .
Freeze-fracture studies of a number of neuromuscular junctions have shown that a well-defined particle specialization occurs in the membrane of the nerve terminal adjacent to the cytoplasmic presynaptic dense bar (frog: Dreyer et al., 1973; crayfish: Franzini-Armstrong, 1976; insect: Rheuben and Reese, 1978) . Since the presynaptic active zone is likely to be directly involved in transmitter release, either as a structure for holding and mobilizing synaptic vesicles or as the site for calcium entry (Pumplin et al., 1981) , one might expect to see differences in its structure or length in terminals of differing function. Likewise, the postsynaptic membrane is decorated with a dense array of particles opposite the presynaptic active zones. The shape and distribution of the particle patches are characteristic of each synapse that has been described, with particles of glutamate synapses cleaving with the external leaflet and those of cholinergic junctions cleaving with the cytoplasmic leaflet (Rash and Ellisman, 1974; Franzini-Armstrong, 1976 ; Rheuben and Reese, 1978; Rosen-
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The Journal of Neuroscience Differences in Slow and Fast Neuromuscular Junctions 1705 bluth, 1978) . There is substantial evidence (see Fambrough, 1979) that these particles represent the postsynaptic receptors or receptorion channel complexes, and so shape and area of the particle patch might be expected to be correlated with function. The present study compares two types of neuromuscular junction, slow and fast excitatory, in the insect Manduca sexta, combining freeze-fracture techniques with thin-section and scanning microscopy to describe quantitatively those details of their morphology that might relate specifically to synaptic function. An earlier study (Schaner and Rheuben, 1985) has shown that the same motor neuron exhibits differences in the morphology of its neuromuscular junction when it innervates a tonic muscle fiber (larval stage) than when it innervates the phasic (adult) muscle. Consequently, for parts of the present study, the possibility has been considered that features of the postsynaptic cell influence the structure of the junction which is formed jorntly by nerve and muscle fiber.
Materials and Methods
The muscles compared in this study are from the adult moth Manduca sex&. Experimental animals were raised on an artificial diet (after the methods of Yamamoto, 1969) 
Results
Description of the muscles to be compared
The primary muscles selected for this study, divisions of the subalar, the dorsal longitudinal, and of the third axillary muscles, are each innervated by single motor neurones, either of the slow or fast type. The two lateral bundles of the subalar and the five bundles of the dorsal longitudinal muscle have been used extensively in previous studies (Rheuben, 1972; Rheuben and Reese, 1978; Rheuben and Kammer, 1980) . Electrophysiological measurements and tension records indicate that each of the lateral bundles of the subalar is innervated by a single fast motor axon, separable by stimulus strength. The medial bundle appears to have some doubly innervated fibers and was carefully excluded. The dorsal longitudinal has also been used previously, and each bundle is innervated by a single fast axon (Rheuben and Kammer, 1980) . The subalar and the dorsal longitudinal are typical phasic muscles.
The details of the ultrastructure and physiology of the third axillary muscle will be described elsewhere (M. B. Rheuben, manuscript in preparation). Briefly, it is composed of three distinct parts, here referred to as the upper, middle, and lower portions. The upper and lower portions contain typical arthropod "intermediate" type muscle fibers, which have the ratio of thick to thin filaments found in tonic muscle fibers, but which have numerous mitochondria as in phasic fibers. Each is innervated by a single fast motor axon. The middle portion of the third axillary contains tonic muscle fibers which are innervated by a single slow axon.
The electrophysiological characteristics that distinguish insect slow and fast excitatory neuromuscular junctions and make them suitable for a structure-function comparison are the peak amplitude of the excitatory junction potential (EJP), the time course of the EJP, and the likelihood that facilitation or depression will occur with paired or repeated stimuli. Fast neuromuscular junctions produce a 20 to 30 mV EJP which is usually topped by an overshooting active membrane response. (In the membrane of insect muscle fibers, the depolarization produced by the active membrane response does not propagate along the fiber.) The duration of the EJP is 20 to 30 msec. For subthreshold EJPs, the fast axon is more likely to show depression of the amplitude of the second EJP. In contrast, the neuromuscular junctions of the slow axon produce a small EJP, 5 to 15 mV, of markedly longer duration, 80 to 100 msec, and which in many cases show facilitation. Figure 1 shows examples of slow and fast EJPs recorded from Manduca, and other cases are reviewed by Hoyle (1975) .
It should be noted that all of the muscles mentioned above are also innervated by very small axons which run in the neural lamella of the nerve twigs and which contain dense-cored vesicles (Rheuben and Kammer, 1983) . By analogy with results on locusts (Evans and O'Shea, 1978; Hoyle et al., 1980; Evans and Siegler, 1982) these axons are likely to be neurosecretory, with a modulatory or hormonal effect on the physiology of the two muscles. Their morphology is unlikely to be confused in the studies presented here because they are not known to make distinct neuromuscular junctions.
The neuromuscular junction
The three-dimensronal structure and membrane specializations of fast motor neurones on phasic muscle fibers, the subalar and the Rheuben Vol. 5, No. 7, July 1985 dorsal longitudinal muscles, have been described previously (Rheuben and Reese, 1978; Rheuben and Kammer, 1981) . In fast and slow neuromuscular junctions, the nerve terminal closely apposes the muscle at oval or round "plaques." A linear active zone occupies the center of each plaque in the nerve terminal, and densely packed large particles occupy the entire plaque area in the muscle membrane. Processes from glial cells are interposed between the plaques and intertwine with smaller processes from the muscle fiber. The membrane specializations and glial associations of slow and fast neuromuscular junctions are qualitatively similar but quantitatively different.
Characteristics of the plaques and postsynaptic membrane specializations
The slow neuromuscular junctions of the tonic middle third axillary muscle have smaller regions of contact or "plaques" than those formed by fast terminals on phasic muscles. Figures 2 through 6 show typical plaques from the middle third axillary muscle, and Table  I compares the dimensions of the plaques from slow and fast terminals. Measurements were taken from freeze-fracture and thinsection views. The width, length, and sometimes, total area could be measured from fractures containing primarily the membrane of the nerve terminal (most fractures contain some of both). Similarly, measurements were taken from fractures containing entirely the postsynaptic membrane. Mean lengths and widths of either pre-or postsynaptic plaques were used to estimate areas using the formula ?r ab/4, which assumes that an ellipse approximates the oval shape.
From thin sections, a mean cross-sectional length of the postsynaptic plaque was obtained by measuring the length of the electron dense subsynaptic membrane (Fig. 7) . To exclude measurements through the periphery of the oval contact region, postsynaptic specializations were measured in sections containing a presynaptic active zone, since this structure usually lies in the middle of the plaque. The areas, both measured and estimated, of plaques from middle third axillary fibers are smaller than those of fast subalar terminals, ranging from 0.31 to 0.34 pm* for slow to 0.40 to 0.49 pm* for fast (Table I ). These differences are significant at the 0.01 level for the freeze-fracture data and at the 0.05 level for the sectioned material (t test).
It should be pointed out that the shapes of the postsynaptic particle specializations, while largely oval in both slow and fast junctions, occasionally include a few very small patches or a few larger, irregular patches. The large, odd-shaped patches are most often found where the bottom of the terminal comes into contact with the muscle fiber, and they appear to be several patches coalescing.
Since middle thtrd axillary muscle fibers have smaller diameters than subalar fibers, the smaller individual plaque areas might be related to the amount of current required to produce a given depolarization in these fibers (with internal resistance being inversely proportional to cross-sectional area). To see if this size relationship continued in other muscles, the fibers and plaques of the upper and lower third axillary muscle were compared. Both of these muscles are of the "intermediate" type but differ substantially from each other in average fiber diameter; both are innervated by nerves with fast EJPs. In freeze-fractured material, junctions formed on both these muscles most closely resembled those formed by fast axons on fast muscle fibers, but some appeared more varicose than typical. Plaque lengths and widths of "upper" and "lower" were intermediate between those of "middle" third axillary and subalar muscles and were significantly different from each other (Table II) .
The giant larval dorsal longitudinal muscle fibers which are tonic, but which are innervated by a fast axon that will later innervate the phasic adult muscle fibers, provide one more example for comparison. These muscle fibers have plaque areas which, on the average, are not significantly greater than those of the subalar or the adult dorsal longitudinal muscles (Schaner and Rheuben, 1985) . However, some larval junctions have groups of plaques that are notably larger than any seen so far on other muscles. Twenty-four out of 97 larval plaques have lengths from 1 .O to 1.5 pm as opposed to the five Rheuben Vol. 5, No. 7, July 1985 a Mean + SD largest of 35 plaques from adult subalar muscles, which have lengths from 1 .O to 1.2 pm. Other larval junctions, and especially junctions which are fractured at the tip of the nerve terminal, have plaques that are closer to the average. Since the fibers of the instar examined (early fifth) will continue to grow in size, it is possible that this population consists of a mixture of junctions or plaques of various developmental ages. The available data suggest a trend relating increasing muscle fiber size to increased individual plaque area, but with an apparent upper limit. Further nerve-muscle combinations need to be examined before any conclusions can be drawn.
The density and appearance of the particles in the postsynaptic membrane specializations of the two types of terminals were examined in enlarged micrographs in order to see if there was any suggestion of an intrinsic difference in the receptors or in the numbers of receptors per patch. At the level of resolution imposed by unidirectional shadowing, there was no difference in the appearance of the individual particles. The mean number of particles per pm* is 4,337 f 847 (SD)/pm* (n = 29 samples) from middle third axillary postsynaptic plaques and 4,146 f 606/pm* (n = 10) from subalar plaques (4080 + 730/pm*; n = 11; from previously published data, Rheuben and Reese, 1978) . These densities are not significantly different.
Presynaptic membrane specializations
The presynaptic active zone represents a region along which transmitter release appears likely to take place (Heuser et al., 1979, frog; Rheuben and Reese, 1978, Manduca) .
The active zone from neuromuscular junctions of Manduca can be measured as the length of a narrow band or row of particles in freeze-fractured samples or as the length of an electron dense bar in thin-sectioned material. In the muscles of Manduca examined so far, there has been predominately only one active zone per plaque. Rarely (three out of 162) are there two (Fig. 5) . The middle third axillary (slow) terminals have active zones averaging 0.211 +-0.06 pm (n = 57); subalar (fast) terminals have active zones averaging 0.236 * 0.054 (n = 31). Although the difference in length is not significant, other differences were observed. The active zones of slow terminals are less regular in shape (Fig. 3) than those generally seen in subalar terminals and have fewer particles on the cytoplasmic leaflet (slow terminals, 27.93 -t 4.51, n = 18; and 50.79 f 11.87, n = 14 in fast terminals). Even though the available number of complete active zones is small, the difference is statistically significant. The active zone particles of both types of terminal seem to be of at least two distinct sizes, and pits are seen in some active zones. On the external leaflet, the active zone is marked by a band of both particles and pits (Figs. 5 and 6). The fractures showing the external leaflet give the impression that the slow terminals, while having fewer particles fracturing on the cytoplasmic leaflet than the fast, may have more cleaving with the external leaflet.
Characteristics of the terminal as a whole
Low-magnification views of fractures through the junctions of middle third axillary and subalar muscles reveal a difference in overall structure of the nerve terminal. The subalar (fast) junctions are characterized by a relatively even alternation between plaques on muscle processes and intervening glial processes along the sides of the terminal, and while constrictions do occasionally occur, the diameter of the terminal is largely quite even (Fig. 11) . The slow junctions, on the other hand, are remarkably varicose, with most of the plaques occurring close together around enlarged regions of the terminal (Figs. 2 and 13 ). The extremes of largest and smallest cross-sectional diameters for slow nerve terminals were 0.2 and 2.0 km, and for fast terminals, they were 0.2 and 1.2 pm. (Because of the nature of the fractures, it is not possible to obtain a valid distribution of diameters.) The muscle processes that form the plaques seem to be less clearly set apart by the glial processes and are shorter in slow junctions (Fig. 13) .
By combining low-magnification freeze-fracture views that show the sides and bottom of a terminal with higher-magnification views of the same terminal to identify plaques, it is possible to estimate the number of plaques/pm of junction. (The "top" of the terminal usually does not have any plaques or regions of contact with the muscle.) In slow terminals, there are approximately 1.52 + 0.39 plaques/pm (n = 13) and in fast terminals, there are 1.72 f 0.26 plaques/pm (n = 21). The number of plaques per unit length has also been determined in favorable scanning electron microscope preparations of fast junctions. The light patches regularly arrayed along the length of the junction represent the highly osmiophilic postsynaptic specializations ( Figs. 8 and 9 ; see also Fig. 1, Rheuben and Reese, 1978; and Fig. 9, Rheuben and Kammer, 1981) . The number of plaques/pm estimated by this procedure from fast terminals of the dorsal longitudinal muscle average 1.99 + 0.23 (n = 16).
Scanning micrographs were used to measure the lengths of slow and fast neuromuscular junctions. Figure 12 shows a scanning micrograph of a slow junction, and Figure 8 shows several fast junctions. The slow and fast nerve terminals differ substantially in length and overall shape. Slow junctions are short (20.15 f 6.04 pm, n = 25) and appear to be a single cylindrical extension of a short branch of the motor axon. The fast axon branches to form two short nerve terminals, with a pair of neuromuscular junctions being formed close together by the branches of the y. The mean length of one branch of a fast terminal averaged 28.52 f 8.9 pm (n = 24) from subalar muscle and 31.6 + 6.8 pm (n = 23) from the dorsal longitudinal muscle. Since the two portions of the fast junction are so close together, they may be viewed as one structure from the potnt of view of the electrical properties of the postsynaptic potential recorded from muscle. The lengths of the junctions and other quantitative features are compared In Table Ill . The junctions in all of the muscles examined are evenly distributed along the lengths of the muscle fibers, as are the amplitudes of the recorded EJPs (Rheuben and Kammer, 1981, and present observations) . This is a common situation in insect skeletal muscle which lacks a propagating action potential (Hoyle, 1983) .
Synaptic vesicles
The long and short diameters of synaptic vesicles seen in thin section were measured in slow and fast nerve terminals to see if the difference reported by Titmus (1981) for locust (fast vesicles 25% larger) occurred in Manduca as well. A difference was seen, but not of the same magnitude or direction. The mean maximum diameter of vesicles in slow terminals (45.7 f 6.7 nm, n = 915) is slightly larger than that obtained from vesicles in fast terminals (43.5 f 4.7 nm, n = 715). The minimum diameters are 37.0 f 5.8 nm (n = 918) (slow, middle third axillary) and 35.9 f 4.1 nm (n = 714) (subalar). The ratio of maximum to minimum diameters is 1.24 (slow) and 1.21 (fast). There appear to be more large vesicles and more small profiles in slow terminals. This is reflected in the appearance of the terminals (Figs. 7 and IO) , the histogram of vesicle sizes (Fig. 14) and the standard deviations of the mean diameters (6.7 versus 4.7 and 5.8 versus 4.1). This relatively small difference in sample mean diameters (obtained from the entire populations of vesicles measured) is significant (A < 0.001). Values corrected for the effects of section thickness (Froesch, 1973) would be 5 to 6% larger. The data presented in the histogram are individual vesicle diameters from preparations in which both muscles were fixed at the same time (three animals). Sections from IO or more different terminals showrng parts of two subalar muscle fibers with junctions (J ) from a fast motor axon, On the upper fiber, both branches of the junction are vrsrble; on the lower, the second IS on the other srde of the fiber. T, tracheole; N, muscle fiber nucleus; n, nerve branch. The "plaid" appearance of the muscle fiber is due to the regularly arrayed mrtochondna (very osmiophilrc structures appear white) and the myofrbnls. The tissue was not gold coated. Magnification x 1,400. Figure 72 . Scannrng mrcrograph of function (J) formed by a slow nerve terminal on a middle third axillary muscle fiber. The clefts in the muscle fiber can be seen, as well as the occasronal tracheole that enters an invagrnatron. Magnification X 5,500. Figure 73 . Freeze-fracture mrcrograph of slow tunctron on middle third axrllary muscle fiber. Cytoplasmrc leaflet of the muscle is shown. The varicose shape of the nerve terminal (n) can be compared to the shape of the fast nerve terminal in Figure 11 . Magnrficatron x 12,200.
were obtained from each muscle type. The difference in the popuMancfuca. Instead, there is a real but small difference in the opposite lations of means of vesicle diameters obtained from individual profiles direction. This might suggest that in both animals, the internal from a pair of muscles fixed from the same animal was also composition of vesicles from slow and fast terminals could be statistically significant using Wilcoxon nonparametric statistics. different enough to make their response to fixation different. These results may be interpreted to mean that the same kind of size
The slow terminal and fast terminal differ in the numbers of difference in vesrcles that Trtmus (1981) reported for locust, with vesicles in the region of the plaques, with slow middle third axillary fast being larger than slow, did not occur with the fixation applied to terminals having 1.68 + 0.46 vesicles/clm2 (n = 35) and fast subalar Rheuben (open) terminals. Number of vesicles normalized to 1,000. terminals having 1.07 + 0.33 vesicles//lm' (n = 28). Counts were made of vesicles in profiles of terminals in which an active zone occurred. Area occupied by vesicles was calculated by measuring the area of the terminal and subtracting the areas of large inclusions such as mitochondria. The numbers of vesicles remaining in sectioned material is related to the conditions of fixation; for example, insect terminals fixed in high Mg++ show far more densely packed vesicles (McKinlay and Usherwood, 1978) . Since the muscles in this study were fixed simultaneously from the same animal, the difference observed, though not characteristic of a resting state, may still reflect intrinsic physiological properties of the two types of nerve terminals and their responses to fixative-induced depolarization.
Discussion
The object of this study was to examine structural differences between slow and fast neuromuscular junctions that might be related to their different performance. Several differences appear particularly important, including terminal length and shape, area and density occupied by postsynaptic receptors, and number and character of presynaptic active zones.
Slow junctions are shorter than fast, and they usually form only a single branch instead of being y-shaped. The shape of the slow nerve terminal within the junction is varicose and irregular, and the plaques are less well separated by glia. The area of each plaque, which presumably represents the area occupied by postsynaptic receptors, is smaller in slow junctions. The length of the individual active zones is about the same for slow and fast junctions, but because of the difference in the number of plaques per junction and junction length, the total length of active zone is about 3.8 times greater in fast than slow junctions. There are about twice as many particles per active zone and approximately six times as many active zone particles per junction in fast junctions. Synaptic vesicles in slow terminals are slightly larger, and the number of vesicles/profile area is greater in slow terminals than in fast under the conditions of fixation utilized in this study.
Terminal length and shape
Because the neuromuscular junctions in moths are not covered by an impermeable nerve sheath (Rheuben, 1974) and are bathed by hemolymph, which is high in K+ and low in Na+ (Weevers, 1966) , impulse conduction in the nerve terminal membrane is probably electrotonic. Consequently, differences in the local cable properties produced by differences in the lengths and shapes of the two types of terminals might affect their space and time constants. The release of transmitter would subsequently reflect the shape of the potential change.
Although it is clear that varicosities do affect the electrotonic properties of a cable-like structure, two arguments can be raised (and are elaborated below) that it is unlikely that they alone could delay the release of transmitter enough to explain the 80-msec EJP of the slow junctions. The first is that the delay estimated on theoretical grounds is not sufficient to explain the long time course, and the second is the observation that fast terminals on several of the larval tonic muscles are also varicose (Schaner and Rheuben, 1985) .
If one wishes to consider the theoretical functioning of a blindended nerve terminal the' dimensions of which are not uniform, and the input of which is a brief pulse, both the space constant and the time course of decay of a pulse are relevant in their effects on the release of transmitter along its length. The space constant of a cylindrical structure is proportional to the diameter, and in cases in which the potential change is brief, it is less than the steady-state space constant (Katz and Miledi, 1968) . The model derived by Ellias and Stevens (1980) predicts that the space constant of a constricted structure is shorter than one for a structure of constant diameter. Using estimates of internal resistance, membrane resistance, and membrane time constant from other preparations (Hodgkin and , 1946; Zucker, 1972; Atwood, 1976) and the measurements of diameter from the slow and fast terminals studied here, one can estimate the space constants. Choosing values to obtain minimum estimates (because of the work of Ellias and Stevens, 1980) one obtains 30 pm for the varicose slow terminal and 47 pm for the fast terminal. The ratio of average length of cable (measured from the nerve terminals) to the space constant estimated from the measured diameters is quite similar for the two terminals: 0.66 and 0.64 (or 0.28 and 0.27 for the steady-state space constants) for slow and fast terminals, respectively. The effect of the blind end on electrotonic decay of potential is to decrease the decline in potential toward the end of the terminal and to increase the time that the potential takes to decay. The models of Jack and Redman (1971) for short cables with sealed ends predict that the time course of decay is progressively prolonged as one moves away from the site of origin of the current pulse. The prolonged time course of an action potential at the end of a terminal was observed experimentally by Katz and Miledi (1964) . The models of Jack and Redman (1971; Fig. 8 ) also predict that the time course of decay is prolonged as the actual cable length is shortened relative to the length constant. Since the ratio of the length of cable to the space constant is not remarkably different for the two terminals, the effect of the constrictions may have been compensated for by a shortening of the terminal, making the varicose shape unlikely to be the source of the difference in time course of the two EJPs. Furthermore, using a "worst case" large value for the time constant of the termrnal membrane of 7,r, = 5 msec and the curves published by Jack and Redman (1971), one can estimate that the decay of potential to near zero at the tip of either of these junctions would not be expected to last for more than 30 msec. Of these 30 msec, only a part would include potential change appropriate to induce Ca++ influx and subsequent transmitter release. This is substantially less than the 80.msec duration of the slow EJPs, indicating that at least part of the mechanism underlying the long time course is likely to lie elsewhere.
An empirical observation also argues against the constrictions being the source of the long time course of the slow EJPs. The varicose shape has also been observed in the fast terminals of larval motor neurones in Manduca (Schaner and Rheuben, 1985) . In this case, the fast motor neurones are innervating tonic muscle fibers; later, those same neurones will innervate a phasic flight muscle, the dorsal longitudinal muscle (Rheuben and Kammer, 1980) forming the fast nonvaricose terminals described in this study and previously (Rheuben and Reese, 1978) .
Although it does not appear likely that the varicose shape can explain the time course, two other correlations might be considered for future study. In both the larval muscle and the middle third axillary, the muscle fibers are tonic, even though one is innervated by a slow axon and one by a fast. Consequently, it is possible that this element of the jointly constructed neuromuscular junction may be determined developmentally by the postsynaptic cell. Atwood et al. (1984) have pointed out that the efficacy of presynaptic inhibition is likely to be enhanced in varicose structures. While there is no evidence of inhibitory innervation of the muscles used in this study, there may be evolutionary reasons for this shape of terminal to be formed in conjunction with certain muscle fiber types. In insects, multiple innervation, including an inhibitory axon, is not usually found on the phasic flight muscles but is more likely to be found on tonic or intermediate muscles used for walking or postural control.
The greater length of releasing nerve terminal at each fast neuromuscular junction has the effect of locally producing an EJP which is above threshold for the active membrane response in the nearby muscle membrane. Although this "spike" does not propagate, its greater depolarization and more rapid repolarization would have functional benefits in terms of contraction amplitude and time course. As with the slow junctions, an even distribution of terminals is required for uniform contraction.
Factors affecting time course of conductance change Subsequent to the release of transmitter into the synaptic cleft, there are a number of factors which are known to affect the time course of the conductance change and of the endplate potential in the postsynaptic membrane: the physical dimensions and boundaries of the cleft, the area and density of postsynaptic receptors, the presence or absence of an inactivating substance, and the properties of the receptor ion channel complexes.
In the vertebrate cholinergic junction, studies of miniature endplate currents (MEPCs) have implicated one or more of these factors in the production of different types of EJP. Harvey and van Helden (1981) in a study of the anterior (slow) and posterior (fast) latissimus dorsi muscles of the chicken, which are singly and multiply innervated, respectively, found that ALD junctions produced a greater frequency of MEPCs with slow growth times and slow decay times, Analysis of ACh-induced noise, however, did not indicate any difference in average lifetime of ACh channels in the two types of junctions.
In the neuromuscular junctions of twitch and slow fibers in the snake, the decay rate of the miniature endplate currents of slow fiber endplates was much less sensitive to voltage changes across the postsynaptic membrane than in fast muscle fibers. The decay rates of MEPCs themselves differed, and the time to peak current was longer in slow fibers. Differences in ACh-induced spectra indicated that properties of the channels in the two types of junctions are different, and estimates of mean single channel conductance are 20% smaller for slow fibers in this preparation (Dionne and Parsons, 1981) . Similarly, Federov et al. (1982) found that, in the slow muscle fibers of frogs, in which the MEPCs have slower rise times and decay times than those in fast fibers, the channel life times were longer and single channel conductances were less, In addition, the decay of MEPCs in slow fibers is slower than the time constant of the noise, and there is a greater dispersion of the time course of the MEPCs from slow junctions.
Taken together, these results suggest that channel properties may frequently be a source of differences between junctions using the same transmitter substance. However, at the same time, the existence of other differences in the junctions is also strongly implicated. In the insects, there are substantially fewer data to distinguish these factors.
In the locust, the duration of "normal" miniature endplate currents is about 10 msec (T = 2.5 msec). Occasionally, very long MEPCs are interspersed among the others (Cull-Candy and Miledi, 1982) . Even though these data may have been obtained from fibers with both fast and slow innervation (distal portion of the extensor tibia), there is no clear indication of two populations of decay times.
The morphological results presented here neither suggest nor deny possible differences in the channel properties of the two types of junction. The particles in the postsynaptic plaques are not markedly different in shape or arrangement in the membrane as they are, for example, between excitatory and inhibitory junctions in crayfish (Franzini-Armstrong, 1976) . Consequently, any differences in channel properties that would give rise to the difference in time course of the two types of EJP will have to be resolved at the physiological level; the previously discussed work on vertebrate junctions would point to the importance of doing so.
In a model system devised for the cholinergic junction, Wathey et al. (1979) predict that an increase in density of receptors would increase the number of channels open at peak and slow the rate of decay of the quanta1 event. There is only a slight increase in density of postsynaptic particles in slow junctions over fast. While the difference in density observed is in the direction to support the hypothesis of a role in producing a longer EJP, it is not statistically significant.
In addition to the density and properties of the receptor-ion channel complexes, the size and shape of the patch that they occupy will influence the amplitude and time course of the quanta1 Rheuben Vol. 5, No. 7, July 1985 event. The actual voltage change that is produced will depend both on the magnitude of the quanta1 current and on the size (input resistance) of the postsynaptic cell. The size of the patch is likely to be tailored to the amount of transmitter in an ordinary event: in relatively small patches, fewer receptor-ion channels will be available for binding, and the peak current would be limited by saturation; in large patches, the endplate current will take longer to decay because of repetitive binding. Wathey et al. (1979) calculate, for a system without an inactivating enzyme and with 10,000 molecules of transmitter per vesicle, that peak activation does not continue to increase for patches bigger than 0.5 Frn in radius, but that half-decay times increase with the radius up to 1 .O pm. In Manduca, the slow plaques average 0.32 pm in radius and the fast plaques average 0.37 pm, providing significantly different areas occupied by receptors. However, the difference in time course of the two types of EJP cannot be predicted from this consideration-it is in the opposite direction if their respective quanta1 events were to be prolonged by repetitive binding.
My data suggest a weak correlation of average area of postsynaptic receptor patches (plaque area) with muscle fiber size for the smaller muscle fibers. This makes sense from the point of view of input resistance. Furthermore, larger excitatory postsynaptic patches were reported on larger crustacean muscle fibers (Hill and Govind, 1981) . However, in the locust nerve muscle combinations studied by Titmus (1981) the reverse relationship was observed. Even though the combinations that she studied were similar to the ones reported here (fast motor neuron innervating large phasic muscle fibers and slow motor neurones innervating small-diameter tonic muscle fibers (Hoyle, 1978) ) the reverse relationship of plaque area to either "slowness" or fiber diameter prevailed. Although more data would be a welcome addition to the study of this question, it is also possible to consider that other factors combine to determine what the optimal area of a cluster of receptors should be for a particular function. One factor that is likely to be important in comparing junctions of different types is whether or not an active zone, as seen structurally, and its corresponding patch of receptors represent a single functional unit.
At the crayfish neuromuscular junction, the number of transmitter release sites correlates with the number of morphologically recognizable active zones (Zucker, 1973) . These studies showed that in normal saline, a single stimulus released a single quantum from only a fraction of the two to four release sites within range of the extracellular electrode. This relatively low normal usage of active zones during single impulses was also reported for the frog neuromuscular junction, where one quantum was released for every two or three active zones, each about 1 pm in length, in 10 mM calcium, but where release could be increased to 12.9 vesicles per micrometer of active zone in 4-amino pyridine (Heuser et al., 1979) . Korn et al. (1982) found a good correlation between n and the number of boutons on Mauthner cells, with p, the probability of release, also being low, about 0.37. This would suggest that, for at least some synapses, the normal operating condition is the release of one or no quanta per unit structure for each action potential. The unitary structure might be viewed as an active zone or segment of an active zone and a certain adjacent area of receptor membrane. Very large areas of receptors might then be associated with multiple active zones or other modifications in function. This possibility is supported by the data tabulated by Govind and Chiang (1979) which showed for both low output and high output junctions formed by a single motor neuron of lobster that double or triple active zones occur opposite the larger contact regions. Similar observations were made by Jahromi and Atwood (1974) and Atwood (1976) for the axons innervating the opener muscle of the crayfish, and a recent extensive analysis (Atwood and Marin, 1983) on low output and high output terminals of a single motor neuron in the crab Hyas reports both different lengths of active zones and multiple active zones in the larger contact regions. Their minimum active zone length is described as about 0.15 pm. If that length is taken as some sort of functional unit and divided into the active zone perimeters that they tabulate and then is compared with the area of postsynaptic contact, a relatively constant relationship is obtained. Each "unitary active zone" of 0.15 pm is accompanied by 0.54 pm* (low output), 0.56 pm2 (intermediate output) or 0.6 pm2 (high output) of synapse contact area.
Titmus's (1981) seemingly contradictory ob,servations correlating larger postsynaptic patch size with slow junctions can then be explained by considering the numbers of active zones. Unlike the junctions in the moth, the very large postsynaptic areas (diameter 1.7 pm, slow; 1.2 pm, fast) that she observed in locust were associated with multiple active zones, and more double and triple active zones were associated with the larger contact regions of the slow terminals (personal communication).
Consequently, the direct comparison of the synapse areas of locust slow and fast junctions with those of the moth which have essentially only one active zone per plaque is not useful to decide if smaller plaque area is either a characteristic related to "slowness" or if other factors such as muscle fiber diameter are more important. It may be that the same relationship as in Manduca would be found if the number and length of the active zones could be taken into account.
It is clear that more measurements of active zones and postsynaptic patches with known physiological properties are needed to clarify this issue. The presently available data are not inconsistent with the possibility that postsynaptic cell size or input resistance is important in influencing the size of a "unitary" postsynaptic patch of receptors. On the other hand, there is no particular support, either theoretical or empirical, for the hypothesis that differences in postsynaptic patch areas seen in these various arthropod neuromuscular junctions are the sources of their differences in EJP duration. Furthermore, the interaction of a very large or growing postsynaptic cell with its innervating nerve is likely to include such complications as the formation of more junctions or longer junctions, as seen in a comparison of first instar larval and adult locust muscle fibers (Walther, 1981) as well as larger postsynaptic patches.
Properties of the presynaptic active zone In insect muscle, the multiterminal nerve endings are evenly distributed, and the amplitude of the intracellularly recorded EJP is constant over the length of the fiber. The fast EJPs studied here are at least three to five times greater in peak amplitude than are slow EJPs. Since the length of each individual active zone is essentially the same in both nerve types, the relative difference in numbers of active zones per junction could help to explain the difference in peak amplitude of the EJPs. However, the estimate of 3.2 to 3.7 times more active zones in fast junctions is at the low end of the expected range.
In a number of previous studies on crustaceans, a good qualitative correlation has been established between transmitter output and total number or length of active zones; however, a linear quantitative relationship has not been demonstrated (Atwood and Marin, 1983) . Active zones of the same length may have different properties in different types of junction. Such a difference might only be reflected in another parameter such as number of particles, as was observed between the slow and fast junctions in Manduca.
It has been suggested that the particles seen in freeze-fracture at the active zone represent Ca++ channels (Heuser et al., 1974 ) and there appears to be order-of-magnitude agreement between the number of large intramembrane particles at the active zones in the squid giant synapse and the total number of calcium channels expected from voltage clamp measurements and from single channel conductances (Pumplin et al., 1981) .
If (1) an active zone (or perhaps a segment of a long active zone) is designed to release a single quantum of transmitter independent of release at other active zones, (2) probability of release is dependent in part on intracellular Ca++ Immediately adjacent to the release site, and (3) reasonable to expect active zones with fewer Ca++ channels to have a lower probability of release to the first stimulus and different facilitation properties. If the probability of release is a compound function, with one factor being the Ca++ concentration near the active zone and another being a factor involving the number 01 vesicles ready to be released, low transmitter release and greater facilitation in slow terminals could be explained as follows:
(7 ) The number of Ca++ channels (particles) is relatively low, so that a single action potential would produce a Ca++ concentration only adequate to provide a relatively low probability of release of a quantum. (2) The mobilization system or organization system of primed vesicles is such that release of a second can occur readily. (This possibility is supported by the greater numbers of vesicles remaining near the active zone in chemically fixed terminals.) (3) Ca++ accumulates in the region of the active zone such that a second action potential increments the Ca++ level and increases the proportion of active zones releasing quanta.
In contrast, fast terminals with more Ca++ channels and a poorer mobilization system would release most of the ready, available quanta and would produce no more or perhaps fewer quanta to the second stimulus. It is true that in this preparation the first fast EJP after a rest is larger than those in a train, even at intervals of one stimulus every 2 seconds. Further evaluation of this idea will require quanta1 analysis and structural examination of specific terminal types.
A small difference in the size and shape of the synaptic vesicles occurs between slow and fast terminals, as has been previously reported for vesicles from locust (Titmus, 1981) . The physiological significance of the difference we see would have to be conjectural at this point. Such ingenious mechanisms as packaging the transmitter with an auxiliary substance that affects diffusion properties or re-uptake might be a way of lengthening the time course of the quanta1 event and could be reflected by the postfixation vesicle size.
Finally, a difference in the relative proportion of glial processes and muscle processes around the nerve terminal was noted but not quantified for the two types of neuromuscular junctions. Since glutamate, the putative transmitter substance in insects, is not known to be inactivated by an enzyme in the cleft as is ACh, but rather is thought to be taken up by both the nerve terminal and the adjacent glial cells (Faeder and Salpeter, 1970; Briley et al., 1982) a difference in relative availability of re-uptake sites might lead to some differences in time course if large amounts of transmitter are released.
In summary, the structure-function correlations that have been suggested include: (7 ) the length of the individual branches of a junction may be limited (by electrotonic factors?), with the length of varicose terminals being more restricted; (2) plaque size per unit active zone may be related in part to the postsynaptic fiber diameter; and (3) EJP amplitude and facilitation may be related to the number of active zones per junction, to the number of Ca++ channels/ particles in an active zone, and to the number and organization of readily released vesicles.
None of the morphological differences that were observed could directly be cited as a cause for the long time course of the slow EJP. The possibility of the time course being related to differences in the individual characteristics or distribution of receptor-ion channel complexes is not supported by the morphological data but cannot be excluded by it at present. Electrophysiological data from other insects also does not provide clear-cut evidence that the characteristics of the unitary event are different enough to explain the time course of the two types of EJP. It is clear that this possibility, as well as any differences provided by composition of vesicular content and re-uptake mechanisms, require more detailed quanta1 analysis of known nerve terminal types in order to assess their likelihood as mechanisms. Should these prove to be unlikely, one additional mechanism remains to be suggested for testing. It is possible that irregular conduction velocities in the fine nerve branches to the distributed endings causes asynchronous release from the junctions, giving a longer time course of the intracellularly recorded postsynaptic response. There are at present no morphological or physiological data available to assess this possibility.
